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weapons)	 that	 can	 be	 easily	 quantified	 and	 sometimes	manipulated	
by	 researchers	 (Andersson,	 1994;	 Bonduriansky,	 2007;	 Kraaijeveld,	
Kraaijeveld-	Smit,	&	Komdeur,	2007).











morphological	 traits	 (“multiple	 sexual	 traits”)	 that	 are	 displayed	 to-
gether	 with	 several	 complex	 courtship	 behaviors	 (Candolin,	 2003;	
Girard,	 Elias,	 &	 Kasumovic,	 2015;	 Hebets,	 Stafstrom,	 Rodrigues,	 &	
Wilgers,	2011;	Jones,	Byrne,	&	Wallman,	2014;	Lehtonen,	Rintakoski,	
&	Lindstrom,	2007;	Patricelli,	Uy,	&	Borgia,	2003).	Similarly,	multiple	






In	 order	 to	 more	 fully	 understand	 the	 varied	 mechanisms	 that	
underpin	mate	choice	and	 the	 resultant	selective	pressures	on	both	
sexes,	it	is	vital	to	adopt	inclusive	experimental	designs	that	account	
for	 the	 multiple	 traits	 involved	 in	 male–female	 interactions	 (Girard	
et	al.,	 2015;	Jones	 et	al.,	 2014;	Parton,	 2013).	These	 considerations	
motivated	this	study	of	stalk-	eyed	flies,	model	organisms	for	studies	




female	 preference	 (Cotton,	 Rogers,	 Small,	 Pomiankowski,	 &	 Fowler,	
2006;	 Hingle,	 Fowler,	 &	 Pomiankowski,	 2001;	 Wilkinson	 &	 Reillo,	
1994)	 and	 provides	 indirect	 genetic	 benefits,	 both	 for	 good	 genes	
(Bellamy,	Chapman,	Fowler,	&	Pomiankowski,	2013;	David,	Bjorksten,	
Fowler,	 &	 Pomiankowski,	 2000)	 and	 against	 meiotic	 drive	 genes	
(Cotton,	Földvári,	Cotton,	&	Pomiankowski,	2014;	Wilkinson	&	Reillo,	
1994),	 and	 direct	 fertility	 benefits	 for	 females	 (Harley	 et	al.,	 2013).	
Male	eyespan	also	plays	a	role	in	intrasexual	antagonistic	interactions	







low	 females	 while	 bobbing	 their	 abdomens	 (personal	 observations,	
Chapman).	 In	addition,	 females	take	an	active	role	 in	rejecting	some	
male	 mating	 attempts	 by	 extension	 of	 their	 ovipositors	 to	 prohibit	
copulation	 and	 vigorous	 body	 shaking	 to	 dislodge	 mounted	 males.	
In	 the	Malaysian	stalk-	eyed	 fly,	Teleopsis dalmanni,	 there	 is	evidence	
that	male	reproductive	organ	size	(testes	and	accessory	glands)	affects	
mating	 rate.	 Males	 with	 larger	 testes	 and	 accessory	 glands	 attract	
















acceptance	 or	 rejection	 of	 those	 attempts.	Mating	 attempts	 appear	




focal	males	 from	a	set	of	highly	 inbred	 lines	and	an	outbred	control	
(Bellamy	 et	al.,	 2013).	 This	 enabled	 us	 to	 determine	whether	 there	










likely	 to	 have	 less	 extreme	 consequences	 for	 mating.	We	 analyzed	
the	responses	of	240	males,	sequentially	presented	to	10	females,	in	
total	 requiring	observations	of	2,400	male–female	pairs.	 In	order	 to	
make	this	a	 feasible	approach,	male–female	pairings	were	evaluated	













fed	 pureed	 corn	 twice	 weekly,	 on	 a	 12:12	hr	 light:dark	 cycle,	 with	
fifteen-	minute	artificial	“dawn”	and	“dusk”	periods	(reduced	illumina-
tion)	at	the	start	and	end	of	the	light	phase.
A	 suite	of	 inbred	 lines	was	also	used	 that	had	been	created	by	
pairing	 virgin	 males	 and	 females	 at	 random	 and	 then	 enforcing	
brother–sister	pair	matings	for	11	generations	(Bellamy	et	al.,	2013).	
At	 the	 end	 of	 this	 period	 of	 intense	 inbreeding	 (inbreeding	 coeffi-
cient	=	0.926,	 probability	 of	 fixation	=	0.859;	 Falconer	 &	 Mackay,	
1996),	 lines	were	 established	 in	 population	 cage	 culture	 under	 the	
same	conditions	as	those	of	the	stock	outbred	population.	These	lines	
constitute	snapshots	of	the	genetic	variation	in	the	laboratory	pop-
ulation.	There	was	no	 selection	 imposed	during	 inbreeding	beyond	
that	invoked	by	inbreeding	itself,	which	has	the	effect	of	eliminating	
those	 lines	 in	which	strongly	deleterious	recessives	had	been	made	
homozygous.	This	was	evident	 in	 that	of	105	original	 lines,	27	sur-
vived	to	become	established	in	population	cage	culture.	As	survivors,	
these	lines	represent	nondeleterious	genetic	combinations.	We	drew	
males	 from	 12	 of	 the	 surviving	 lines	 for	 the	 experiments	 reported	
here.	Males	from	each	line	were	largely	homozygous	and,	more	im-
portantly,	genetically	distinct	from	those	in	other	lines.	The	presence	
of	significant	effects	due	to	 line	 is	 indicative	of	segregating	genetic	












rax	 (from	 the	 top	 of	 the	 head	 to	 the	 apex	 of	 the	 third	 set	 of	 legs)	
to	 the	 nearest	 0.01	mm	 using	 NIH	 ImageJ	 (Abramoff,	 Magalhaes,	
&	Ram,	2004;	Schneider	et	al.,	2012),	and	placed	 in	 individual	pots.	
In	order	 to	 constrain	 the	extent	of	eyespan	variation	among	males,	
only	those	with	eyespan	in	the	medium-	to-	large	range	between	6.95	
and	 7.94	mm	were	 used	 (male	 eyespan	 typically	 vary	 between	 4.3	
and	 8.6	mm	 under	 laboratory	 conditions).	 Inbred	 line	 females	were	






2005).	All	10	males	were	 tested	with	one	of	 the	10	 females	within	
a	bout	(♂1 × ♀1,	♂2 × ♀2,…,	♂10 × ♀10)	and	then	sequentially	in	the	



















male	 and	 female	 genitalia)	 or	 rejection	 (female	 abdominal	 shaking	
and	kicking	until	 the	male	 is	dislodged)	 recorded.	Accepted	matings	
were	carefully	interrupted	using	a	pooter	to	dislodge	the	male	before	
sperm	transfer	to	maintain	her	virginity	(<30	s;	Cotton,	Rogers,	et	al.,	





Three	male	 behaviors	were	 recorded,	 including	whether	 a	male	
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On	completion	of	each	block	of	observations,	 the	males	and	fe-
males	were	 frozen	 and	 their	 eyespan	measured.	Male	 eyespan	 had	

















span,	 reproductive	 organ	 size,	 and	 behavior.	 These	 outcomes	were	
modeled	 in	 generalized	 linear	 mixed	 effect	 models	 (GLMMs),	 with	
binomial	 error	 structure,	 fitted	 by	maximum	 likelihood	 (Laplace	 ap-
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4.18–6.36	mm,	 mean	±	SD	 5.74	±	0.444	mm,	 N	=	238).	 Males	 at-
tempted	to	mate	more	often	with	larger	eyespan	females	(χ2	=	15.699,	
p	<	.001,	N	=	238	 females).	However,	 the	mean	eyespan	of	 females	
that	 accepted	male	mating	 attempts	did	not	 differ	 from	 those	who	
rejected	 mating	 attempts	 (χ2	=	15.699,	 p	=	.573,	 N	=	238	 females;	
Figure	2).
3.2 | Male eyespan, reproductive organ 
size, and behavior
We	 controlled	 for	male	 eyespan	 in	 the	 experimental	 design	 (range	
6.95–7.94	mm,	 mean	±	SD	=	7.544	±	0.258	mm,	 N	=	224).	 The	 re-
maining	 variation	 in	male	 eyespan	was	 neither	 associated	with	 the	




(testis	 range	 2.664–4.232	mm,	 3.405	±	0.327	mm,	 N	=	210;	 acces-
sory	glands	range	1.001–1.878	mm,	1.409	±	0.190	mm,	N	=	186).	We	
combined	 these	 traits	 into	 a	 single	 principal	 component	 as	 the	 size	
of	 the	 two	 reproductive	 organs	 was	 strongly	 positively	 correlated	
(Pearson	 ρ183	=	0.401,	 p	<	.001,	 N	=	183).	 Variation	 in	 male	 repro-
ductive	organ	size	was	not	associated	with	the	number	of	mating	at-
tempts	 (χ2	=	0.166,	p	=	.684,	N	=	183	males).	There	was	 a	 tendency	
for	 the	number	of	 acceptances	of	mating	attempts	 to	 increase	with	
reproductive	organ	size,	but	this	relationship	did	not	reach	significance	
(χ2	=	2.972,	p	=	.085,	N	=	177	males).
Male	 behavior	 directed	 at	 females	 was	 recorded	 in	 more	 than	
half	 of	 individual	 pairings	 (52.0%,	 N	=	2,200).	 The	 behavioral	 traits	




N	=	2,186	 matings)	 and	 more	 PC2	 behavior	 (χ2	=	7.721,	 p	=	.005,	
N	=	2,186	matings)	compared	to	when	they	did	not.	A	model	with	both	
PC1	and	PC2	behaviors	 showed	 that	both	 components	of	behavior	
were	independently	more	intense	when	there	was	a	mating	attempt	
(χ2	=	44.563,	p	<	.001,	N	=	2,186	matings).	When	the	mating	attempt	
was	 accepted,	 males	 performed	 more	 PC1	 behavior	 (χ2	=	7.451,	
p	=	.006,	N	=	1,385	matings),	 but	 variation	 in	 PC2	 behavior	 did	 not	
differ	 between	 accepted	 or	 rejected	 mating	 attempts	 (χ2	=	0.050,	
p	=	.823,	N	=	1,385	matings,	Figure	3).
As	male	 reproductive	 organ	 size	was	 negatively	 associated	with	











variates	 for	 the	 phenotypic	 traits	 that	 were	 important	 in	 previous	
analyses	of	mating	attempts	(PC1	and	PC2	behavior)	and	acceptance	
(PC	reproductive	organ	size	and	PC1	behavior),	 there	was	evidence	
of	an	effect	of	 inbred	 line	on	mating	attempts	 (χ2	=	7.451,	p	=	.006,	
N	=	12	lines)	and	on	acceptance	given	a	mating	attempt	(χ2	=	9.794,	
p	=	.002,	N	=	12	lines).
The	 focal	 inbred	males	were	 compared	 to	 stock	 outbred	males.	
Inbred	 and	 outbred	 males	 did	 not	 differ	 in	 eyespan	 (χ2	=	0.756,	
p	=	.385,	 N	=	236	 males),	 PC	 reproductive	 organ	 size	 (χ2	=	0.408,	
p	=	.523,	N	=	196	males),	PC1	behavior	(χ2	=	0.004,	p	=	.950,	N	=	240	
males),	or	PC2	behavior	(χ2	=	0.917,	p	=	.338,	N	=	240	males).	Outbred	
males	 did	 not	 make	 more	 mating	 attempts	 (χ2	=	0.065,	 p	=	.799,	
N	=	240	 males;	 mean	±	SE.	 proportion	 attempts	 made	within	 900s,	
outbred	=	0.67	±	0.05,	 inbred	=	0.63	±	0.02)	 and	 nor	 were	 they	 ac-






















Starnberger,	 Preininger,	 &	 Hodl,	 2014).	 Here	 we	 investigated	 the	
importance	of	other	male	 (testis	 and	 accessory	 gland	 sizes)	 and	 fe-



































been	 observed	 in	 a	 range	 of	 species,	 typically	 for	 traits	 correlated	
with	 female	 size	 (Bonduriansky,	 2001)	 and	 female	 ornament	 size,	
when	 ornaments	 are	 female	 specific	 (Amundsen	 2000,	 Amundsen	
and	 Forsgren,	 2001)	 or	 exaggerated	 in	 both	 sexes	 (Baldauf,	 Bakker,	
Kullmann,	&	Thünken,	2011;	Doutrelant	et	al.,	2008;	Potti,	Canal,	&	
Serrano,	2013).	This	finding	does	not	 identify	the	character	used	by	

















We	 expected	 that	males	with	 larger	 reproductive	 organs	would	
make	more	mating	attempts	because	they	are	less	constrained	in	their	
reproductive	 resources	 (Dewsbury,	 1982;	Moore,	 Harris,	Montrose,	
Levin,	 &	 Moore,	 2004;	 Preston,	 Stevenson,	 Pemberton,	 &	 Wilson,	
2001;	 Rogers,	 Chapman,	 et	al.,	 2005).	 However,	 there	was	 no	 rela-













As	 females	 control	 acceptance,	we	 did	 not	 expect	 that	 females	
would	be	more	likely	to	accept	mating	attempts	from	males	with	larger	
reproductive	 organs.	 Females	 can	 knock	 males	 off	 through	 violent	
body	shaking	and	avoid	engagement	with	male	genitalia	by	ovipositor	
extension	 (Cotton,	Rogers,	et	al.,	2006).	Yet	 there	was	a	 strong	 ten-
dency	toward	males	with	 larger	 reproductive	organs	being	accepted	
more	frequently	once	a	mating	attempt	had	been	initiated.	A	similar	
result	 has	 been	 reported	 in	 Drosophila melanogaster,	 where	 males	
with	 large	accessory	glands	were	accepted	 for	 copulation	more	 fre-













strained	so	 that	 it	 could	not	 serve	as	a	proxy	 for	male	 reproductive	
organ	 size	 (these	 traits	were	 not	 correlated,	 Pearson	 ρ183	=	−0.031,	
p	=	.682).	 Similarly	 for	D. melanogaster,	 the	 greater	 success	 of	males	
with	large	accessory	glands	was	evident	after	controlling	for	body	size	
(Bangham	 et	al.,	 2002).	 Premating	 male	 display	 is	 a	 possible	 signal	
(see	below),	but	there	was	no	consistent	association	of	male	behav-
ior	with	reproductive	organ	size	 (see	Supporting	 Information).	Other	
possibilities	 are	 male	 contact	 pheromones	 (e.g.,	 Starnberger	 et	al.,	
2014)	or	female	detection	of	differences	in	weight	once	the	male	has	





























Mann,	&	 Slater,	 2006;	 Soma	&	 Iwama,	 2017)	 there	was	 no	 evident	
reciprocal	female	behavior	toward	the	male.	Although	one	could	en-





We	 also	 compared	 the	 performance	 of	males	 from	 a	 set	 of	 in-
bred	 lines	 to	 assess	 genetic	variation	 underlying	mating	 outcomes.	
There	was	 genetic	 (between-	line)	 variation	 in	 all	 of	 the	male	 traits	
measured:	eyespan,	reproductive	organ	size,	and	behavior	(both	prin-
cipal	 components).	There	was	 also	 genetic	variation	underlying	 the	
rate	at	which	males	made	mating	attempts	and	in	the	rate	of	female	
acceptance	of	male	mating	attempts.	The	latter	tests	were	carried	out	










the	 reproductive	 success	 of	 sons	 in	 the	 next	 generation.	Whether	
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these	 genetic	 consequences	 are	 connected	 to	 “good	 genes”	viabil-
ity	 benefits	 to	 both	male	 and	 female	 offspring	 (Iwasa	 et	al.,	 1991;	
Kuijper	et	al.,	2012)	cannot	be	resolved	from	this	work.	It	should	be	
noted	 that	 the	 genetic	 lines	 used	 in	 the	 experiments	 represent	 an	
initial	random	sample	of	genetic	variation	from	our	stock	population	
of	D. meigenii,	filtered	through	several	generations	of	brother–sister	
inbreeding,	which	will	 have	 eliminated	 deleterious	 alleles	 (Bellamy,	
Fowler,	&	Pomiankowski,	 2014;	Bellamy	 et	al.,	 2013).	Of	 the	 >100	
lines	 initiated,	around	20%	survived	the	 initial	period	of	 intense	 in-
breeding,	in	part	because	of	the	uncovering	of	recessive	deleterious	





















eyespan	 might	 have	 been	 revealed.	 Females	 need	 to	 mate	 repeat-
edly	 in	order	 to	maintain	 fertility	 (Baker	et	al.,	2001;	Harley,	Fowler,	
&	Cotton,	2010;	Rogers,	Grant,	Chapman,	Pomiankowski,	&	Fowler,	









plays	 are	exaggerated	and	elaborated	and	have	 rightly	 attracted	at-
tention.	But	 in	 order	 to	 form	 a	more	 comprehensive	 understanding	
of	sexual	selection,	it	is	important	to	determine	the	degree	to	which	
other	 factors	 play	 a	 role	 in	mate	 choice.	We	have	 shown	 in	D. mei-
genii	that	a	range	of	behavioral	cues	is	important	in	mate	choice,	even	
though	they	are	not	a	necessary	component	of	male	courtship.	In	ad-





genetic	 variation	 in	 that	 trait),	 contribute	 to	 the	 benefits	 of	 mate	
choice	in	the	stalk-	eyed	fly.
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